


I am repeating the proposal abstract hue to provide the context for 
the final report: 
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I propose to continue prodding obsenmrs with basic data for interpreting 

will inchdo all- and forbidden line list68 both laboratory and c-ted, 
for tho first fivo to ten ions of all at- and for all relevant diatdc 
moleculos. 
to treat far W urd X-ray 6 p c t r a 8  and for onvole opacities. 
triataaic rolecdlos p ~ ~ ~ i d 4 d  by o t h u  researchus. 
Partridgo and Schwoako's water h t a  for work on Y stars. 
servo as ipplrt to rpy -1 atro.phm an& synthesis prograrcr that -to 

for planning obsommtionrr and for fitting obsenmd mtra. 
synthesis prograu produce detailed plots w i t h  thm l h r  idmtifiod. 
of stellar spectra can he wod for radial velocity-, rotation-. or abrmdurcm 
tvlates and for population synthesis. 
to test the data and to prohce atlases to guide obsarmre .  For oach s t a r  
the whole 8pctrum is c-ted frcnn the W to the far 1% The line data, 
opacities. models, 6~ectra. and programs are freely distributed on CDs and on 
qy web site and represent a unique resource for many 

f m  stus, -8 -8 clwtes# and -1des. The60 data 

I will aorn+ually .jrpapdto all iona of the first thirty rlaD8nts 
I also include 

I ha- mado CDn w i t h  
Tho liao data also 

di8tribrr+iaoU# photautry, lkb dulrmipg, urd that k md 
Tho spoctrm 

orid. 

I am fitting spectra of bright stars 

programs. 

I am now in full production of new line lists for at- [, except that 
f ban pot paid S h e  m y  158 2004. and except that I a g0- 
to run orrt of maamy for supplies and o q u i ~ t l .  
all oleatants from H to Zn and the  first 5 ions of all tho b a v i u  olmments. 
abaut 800 iona. For each ion I treat as aaay as 61 even and 61 odd 
configurationa. c-ting all energy levels and eigenvectors. Ths 
Haaciltonian is dotenmined from (L scahd-Hartree-roclr starting guess by least 
squares fitting the observed energy levels. The averago -orgy of aach 
configuration is wed in c-tiag scaled-ThoaPas-F€umi-Dirac wavefuactioms 
for each configuration which  in turn are wod to colqputo allowed and forbidden 
transition integrals. These are multiplird into tho Ls allowed forbidden 
transition arrays. The transition arraya are t r a n s f o d  to the o b s d  
coupling to yield the allowed and forbidden line lists. Results are put on 
the web as they are finished. [Provided I get fuding81 there will k mor. 
than 500 dllion lines. I will them c-e ion by ion, to all tho laboratory 
and c-td data in thm literature and make up a working line list for 
spectrunr myathesis and opacity calculations w i t h  the bout available data. 
a the laboratory spoctnm analyses aro improved. I will redo tho calculations 
with the new m r g y  lmmls. 

I am col(pu+ing all iop. of 

#& original plan whom I started the new calculatiozm was to run through 
all the atoms usiag %y old Cray program6 f m  the 19808s that were limit84 to 
1100 x 1100 arrays in the Eamiltoaiaa for oach J. 
rerun the more caqplicatod cases with 3000 x 3000 arrays so that I could 
include rapy more configurations and many more configuration interactiona, 
At present I am ljspited to 61 even am3 61 odd configurations and I try to 
include everything up through n = 9. Tbcr current program runs on Alpha 
workstatiane. I decided to test tho big program on Fe I and Fe I1 to see 
rhether there was any groat difference in the larr configurations coqmred to 
those from the Cray ptogran. 

Then I would go back and 
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Besides increasing the number of El lines by a factor of 6 to 7.7 
million, there was an unexpected result: the electric quadrupole transitions 
were 10 times stronger than before because the transition integrals are 
weighted by r.2 ---they become very large for high n, and because there are 
numerous configuration interactions that mix the low and high configurations. 
As a check I was able to reproduce Oarstang’s (1962) lower re8ults by running 
his three configurations with rqy program. Since my model atan is still only 
a subset of a real Fe I1 ion, the true quadrupole A values are probably 
larger than mine. The magnetic dipole lines are affected by the mixing but 
the overall scale does not change. 

Because of this discovery I decided that there was no point in computing 
the emall array cases. 
I can and with thousands of parameters in the Hamiltonian. The computer 
runs take much longer to set up and produce than I had expected. I have 
concentrated on redoing the low iron group Spectra, especially to get data 
for supernova modelers. I have done only Ca I -- Zn I, Ca I1 -- Zn 11, 
Cu I -- Cu X X I X ,  Zn I - Zn XXX, for practice at high stages of ionization, 
C I, C 11, S I, and C1 I and Ag I for people who were working on the 
laboratory spectra. Check rqy web site kurucz.harvard.edu for current 
additions. 

I have been running with as many configurations as 

U y  latest calculations have been for carbon I and sulphur I, and 
silicon I is under way using the same elaborate approach as for C I, 
which took many months to do. These line lists greatly increase the 
number of lines in the ultraviolet, in the visible, and especially in 
the infrared. They will increase the opacity in A, F, and C stars. 
They will account for many unidentified lines in the sun. Here are 
parts of the .R.EhmE files: 

0600.README 9 October 2004 0600 C I 
Carbon I has now been completely redone and eqanded and put in 

directory /atosns/0600. The computation was divided into four sections: 
suffix X, roughly all levels up through n = 9-12 with all configuration 
interactions; suffix R for Ritz, all higher levels up though n = 20 for 
low 1 with no configuration interaction; suffix P for polarization, all 
higher levels up though n e 20 for high 1 with no configuration 
interaction; and, by extrapolation, levels up through n = 99 that 
connect to s2p2, sp3, 2~38, 2p3p, 2p3d levels and merge into a continuum. 
All higher levels up to n = 20 were filled in by Ritz expansion or the 
polarization formula for average energies. The polarization average 
energies are also given for all configurations with 1<21 for all nx100. 
These are the coafigurations in each section. 

X 
1 2p2 
7 2 ~ 8 ~  
D 2p3 4p 
J 2p3 lop 
P 2p8f 
V 2p3 6f 
b 2p6h 
h 2p9k 
n spa 8s 
t sp2 56 
z sp2 lld 

5 2 ~ 6 ~  
B 2p4 
H 2p3 8p 
N 2p6f 
T 2p3 4f 
Z 2p3 10f 
f 2plOh 
1 spa 6s 
r spa 36 
x spa 9d 
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3 2p56 
9 2plle 
? 2p3 7 s  
L 2p3d 
R 2p9d 
X -3 56 
d 2p3 l l d  

P -3 
v -2 89 

j 2p9g 

3 1 3 1 4 ~  
9 zp2op 
? 2p17f 
L -13h 
R 2pl9h 
X 2pl4k 
d 2p20k 
j 
P 
V 

3 -15s 
9 2pl3d 
I 2p19d 
L 2pmr 
R 2plO5 
X -165 
d 

P 
j 

V 

3 2plzra 
9 -1- 
F -150 
L 2pl4r 
R 2p20r 
x 2plsr 
d 
j 
P 
V 

3 2P121 
9 -181 
I 2pl4n 
L 2p2on 
R 2pl8q 
1 2 p l 8 t  
d 2p2W 

4 -6s 
A 2pl28 
0 2p3 86 
Y 2p4d 
S 2plOd 
Y 2 ~ 3  66 
e 2p3 12d 
k *log 
U -2 3P 
lf -2 99 

4 zplsp 
A 2pl2f 
0 2p18f 
Y 2plUl 
S 2p20h 
Y 2p15k 

k 
U 

0 

W 

4 29168 
A 2 ~ 1 4 d  

Y 2p16g 

Y 2 ~ 1 7 %  

k 
U 

0 292- 

s 2plli  

0 

W 

4 2 ~ 1 3 1  
A 2 ~ 1 9 1  
0 2p15n 
II 2p13q 
S 2p19q 
Y 2p19t 
e 2p19r 
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Not counting the extrapolation, up through n=20 there are 2382 even 
levels and 1962 odd levels, 182977 electric dipole lines between observed, 
Ritz, or polarization levels, and 286941 lines Connecting levels predicted 
in the least squares fit. There are 36182 lines in series extrapolated from 
nr2O to nZ99. There are 506100 electric dipole lines total. Forbidden 
lines were computed only for section X. 
lines of which 16976 have good wavelengths. The are 398608 electric 
quadrupole lines of which 38124 have good wavelengths. Only 10 of the 
lines arise from metastable levels. 

There are 63223 magnetic dipole 

If you do not wish to read about the calculation, the final results 
for the electric dipole lines and the 10 metastable forbidden lines are 
given in the files 

wL(blw) WAVENO (CM-1) NO LINES 
GFO6OO.POS GF0600 .-OS 182987 for "realistic" spectra 
GFO6OOEXTR.POS OF0 6 0 OEXTR . -0s 36182 for line merging 
GFO6OOALL.POS GF060OALL.WWPOS 219169 for "realistic" spectra 
GFO6OOALL.PRED GFO6OOALL.WNPRED 286941 for opacities 
GFO6OOALL.LINES GFO6OOALL.WNLINES 506110 for opacities 

GFO6OOALL.LINES includes the other files. Predicted energy levels 
are listed as negative. In some files predicted lines are listed as 
negative. In those cases take the absolute value of wavelengths and 
energies. All wavelengths below 200 nm are vacuum and above are air. 
In the far infrared the wavelengths are essentially nonsense so use 
the wavenumbers. There is an annotated directory of the new files in 
0600.IUEADME on the website. 

Transition integrals near nodes were found to be unreliable. The 
program that computes the transition array was modified to first read in 
all the Bartree-Fock transition integrals and then to read in 
scaled-Thomas-Fermi-Dirac integrals where they were thought to be more 
reliable. The current transition arrays were all Bartree-Fock. The 
program for computing the scaled-Thomas-Fermi-Dirac transition integrals 
has been rewritten to be at least an order of magnitude more accurate. 
Once the new calculations are systematically compared to other work, it 
will be possible to correct some of the transition integrals, if necessary, 
to improve the line list. 

Since I already had the NIST C I data compilation (Wiese, Rhr,  and 
Deters 1996) with 1300 lines in my computer, I made up tables comparing 
with my new line data for the allowed and forbidden lines, WFDlCOQ.nA!Z, 
WFDKOQBIGDIFF.DAT, FORBIDDENNISTKO4.DAT The new data have intermediate 
coupling and configuration interactions which mean that I have to make a 
line by line check of transition integrals and eigenvectors before I can 
draw any conclusion about differences. I also compared with the lifetimes 
computed by Hibbert, Biemont, Oodefroid, and Vaeck 1993), LIFEHBGVKO4.DAT. 
My lifetimes are shorter by about 15% for lifetimes that "agree". Detailed 
comparisons will be made in the future. I will also compare computed 
spectra to the solar spectrum. 

1600.READwE 25 October 2004 1600 S I 

and substituted gfl600,auto into gf1600.pos to make gf1600.sub. 
Added approximate Shore parameters for autoionization, gf1600.aut0, 
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20 October 2004 1600 8 I 

electric qtradrugole l h  are in the files ~ 1 6 0 0 . P O S  for wavelengths 
in mn or in ~ 1 6 0 0 . W X P O S  for frogueacies in wavenumbers in a n - 1  for 
lines between obs- 1-s. only forbiaAarr lines from nw~tastablo 
levels a r m  incldod. arm 2161 even and 2270 odd levels w i t h  
configurations up to n t 15 or 16. There are 225605 electric dipole 
lines. Of these 24722 linos are bot- bnom e 1-1s and haw 
good waveltmgthn. 

Th. final results for the electric dipole, magnetic dipole, and 

Thr rust u o  prmdictod. 

I bad an -t rmqaest for hyperfino and iaotapic splitting for cu I eo 
I incoqwratod the hrcrm splittings into my proviaucrly calculated cu I lip4 
list and put the new data on the web. Fits to the solar spoctrma look wmry 
good. 

I ham copied .PT u+m+ test spectrim c a l d a t i w  to the vob 
directory. Tho spectra were calculated either at resolving powor of 500000 
or 2000000 in -lex .paca so that a shift in point auabu is a -lor 
shift. on offoctirr tmmperaturo. tlm wavolongtlu fra 1 PI 

to 3 0 O S w .  
on the samm point spacing and ham beam rosqlod to a mallor numbor of 
points. lhmntually tho rosolntions will include lOOOOO, 500008 300008 

users cap find what they n o d  -off the shelf. on the wob sit.. & I fill 
reu~ests for now ddationrr, I add t3m new spectra to the rrbeite. This 

Procyon, Sirius, Vega, OLIl l ,  sua. 

Saw of tho spectra htr, boon f#ordub.d to lowor rosolutioa 

20000, io0008 5000, 30008 20001 10008 5008 3008 2008 d 100. Ofta-8 

is the current list: al- c-8 =-# A t-68 m t d m e 8  

Fiorella caatelli in Trieste and I used w new distribution function 
program to c-to pow opacity table6 and thtm now grids of madel 
atmospheres w i t h  ilprovod cowcrction. TbA grids of models, fluus, and 
colors have boon put op the Xumcz web site. 

We have had complaints that wm should k madern and -0 the Opacity 
Project aad Irom projoct apacfties. Wo (~astolli and 2004) did an 
e s v e r h t  in *ch &e iastallod +h. Iron project Po I photoionization 
aad autoidration opacity froa Bautista (1997) into 9t -1 aho.phrr. 
program ~ - 9 .  Tfu opacity looks huge w i t h  many autoidriag resoaances 
in the continuum that roquired a great deal of suprc-ter tine to 
pmduce. In the lhrrucz lino lists the autoionizing resopapces are troated 
as line opacity on top of a smooth continuum apacity. 
possible transitions between J levels while Bautista could troat only 
term-to-term transitions. a SQQU intemals I have much more apacity 
because I have 39000 levels. For soma term8 Bautista has much higher 
(smooth) continuum opacity and m i n o  are wrong. me physical temperature 
structures of models canput& w i t h  the two opacity treataunts are the 6ama8 
w h i c h  implie6 that the total -city8 where it matters, is the samm 

I compute all the 

5 



-averaged Over small wavelength intervals for Bautista and Kurucz. In 
general the flux is the same as well except at one small interval where 
Bautista is higher and another where Kurucz is higher. 
imply that the models are correct. 
is why I am recomputing them), so there must also be opacity missing from 
Bautista, and there are still systematic errors in the energy distributions 
predicted from the models. Coaqparisons with the observations (Bell, 
Balachandran, and Bautista 2001; Cowley and Castelli 2002) indicate that 
both computations appear to understimate the real Fe I absorption. 
AnB by implication all the iron group spectra. 

Agreement does not 
My old line lists are incomplete (that 

I have done minimal travel during this grant because it would slow 
down the work on the line data. 
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